NaBH 4 sodalites were obtained by two new modified methods of crystallization: (1) autothermal synthesis and (2) crystallization with crossover from gel to melt flow in NaOH flux. Syntheses results were presented according to XRD, SEM and FTIR. Besides important features of both synthesis procedures product properties like crystal size and morphology were investigated. Spherical agglomerates of microcrystalline sodalite of composition Na 7 [AlSiO 4 ] 6 BH 4 (H 2 O) 2 were already observed after 4 h without any external heating by the autothermal procedure. Sodalites of the same average composition but in form of agglomerated nanoparticles are crystallized after very short times (2 h 30') by the crossover reaction from gel to melt flow. Hydrogen release by heating was further studied for two selected samples with comparable composition from each synthesis procedure. Total hydrogen release by hydrolysis reaction with the internal cage water was found during heating of the autothermal product in synthetic air up to 550˚C. In contrast hydrogen release from the nanocrystalline sample of crossover synthesis was not completed when heated under the same conditions. These differences were discussed in terms of crystal size and an earlier loss of the internal water from the nanocrystals of the crossover synthesis.
Introduction
Sodium-tetrahydroborate (NaBH 4 ) is a representative material for hydrogen storage and contains 10.6 wt% H 2 [1] but is a moisture sensitive compound. As a first model case for protecting this highly reactive salt from hydrolysis reaction, tetrahydroborate can be incorporated into the micropores of zeolite sodalite (SOD) [2] . The resulting 4 
BH
− -enclathrated sodalite (ideal composition: Na 8 [AlSiO 4 ] 6 (BH 4 ) 2 ) is also of interest to study the reaction behaviour of isolated BH 4 -anions during the release of hydrogen by thermal reactions [3] [4] [5] [6] .
Even for the developments of new applications NaBH 4 sodalite will attain more importance in future. The crystal structure of the mineral sodalite is known since decades [7] [8] [9] . As a member of the sodalite group the crystal structure of NaBH 4 sodalite consists of a three-dimensional network of crosslinked TO 4 tetrahedra (T = Si, Al) [2] . Polyhedral units in form of truncated octahedral cages ("toc-units") in a space-filling array can be well distinguished as larger building blocks of the whole framework. A single BH 4 -anion is located within each toc unit, surrounded by four sodium cations, forming a [Na 4 BH 4 ] 3+ -ion complex as complete cage filling. This ion complex is in fast rotational motion whereby the six-ring openings of the toc-unit are blocked by the sodium cations. Reactants like water molecules cannot enter the toc and the highly reactive and moisture sensitive BH 4 -anion is protected according this structural arrangement (the first synthesized Na 4 BH 4 sodalite sample is still in perfect order since more than ten years [2] ).
Up to now synthesis of Na 8 [AlSiO 4 ] 6 (BH 4 ) 2 is exclusively performed under hydrothermal conditions, a method, general used in zeolite chemistry. This method is characterized by the presence of an excess amount of water and the need of autoclaves at elevated temperature. The successful insertion of the hydrothermal method year in and year out in zeolite chemistry caused some negligence of enhancements of common synthesis procedures. Thus future research on modified methods and alternative less energy consuming cheap procedures is essential to obtain new materials with tailored properties even under insertion of hydrolysis sensitive reagents.
The present investigation takes up this demand and presents a case study of tailored synthesis of NaBH 4 -sodalites according to two new enhanced crystallization techniques. The autothermal synthesis (1), first described for hydrosodalites in [10] and the low temperature crossover process from gel-like aqueous solution to melt flow (2), first introduced for halide sodalite in [11] . Both new enhanced methods will now be described in separate sections.
1) The autothermal synthesis Here the thermal energy for the whole synthesis period is produced chemically within the reaction batch itself. A tailored exothermic process with high degree of energy transfer of the reaction enthalpy has to be applied. The hydrolysis of Al (∆H = −277 kJ/mol H 2 ;
. ∆S = 26.2 J/K und ∆G = −284 KJ [12] ) is a suitable reaction for aluminosilicate sodalite synthesis. Besides providing of the whole heat energy for the synthesis process even the aluminate source for sodalite formation is produced under these aqueous alkaline conditions too, according to the reaction [13] :
Al NaOH H O NaAlO 1.5H 13
A temperature decrease during the reaction period is compensated by the chemical energy of the inserted strong alkaline solution. In [14] [15] it was shown that synthesis temperature and reaction time both can be remarkably reduced under insertion of high Na 2 O concentrations of 250 g/l for zeolite synthesis from aluminosilicate gels.
The autothermal process is tested for the first time in the present work for tailored syntheses in the tetrahydroborate sodalite system.
2) synthesis under conditions of crossover from aqueous gel-like solution to
NaOH melt flow
The crossover reaction from aqueous gel solution to low temperature melt flow is demonstrated here as a further method for tailored synthesis of NaBH 4 -sodalite. The reaction mechanism based upon two distinctive steps, both ruled by controlled heating of a tailored educt mixture. In step one nucleation and early growth starts under the influence of water, released from the hydrated educts themselves during heating up. This early period is thus comparable with conditions of gel crystallization but under insertion of minimal amounts of water. In step two further crystal growth occurs under continuous shift of the conditions into a melt flux process at elevated temperature. Here the relatively low melt temperatures of 320˚C -370˚C are sufficient, when a suitable flux component is added to the educts [11] .
Zeolite 13-X was selected as Si-Al-source that simultaneously also acts as "water provider" for the first step of the reaction. Furthermore NaOH granulate is added. NaOH is not only responsible to reach alkaline conditions for sodalites but also acts as fluxing agent at elevated temperature (T max. ) in the second step of the whole process.
For a statement of the mechanism of this procedure one can consider the whole reaction as a crossover synthesis in (aqueous) gel-like solution followed by crystal growth in a melt as a one-pot process. The present work demonstrates this new preparation technique as a case study of insertion of a modified method for tailored synthesis in the NaBH 4 -sodalite system for the first time.
Experimental
-autothermal synthesis of NaBH 4 -sodalite According to Equation (1) was carefully purred in. The thermobeaker was then closed by a cup, allowing the outlet of hydrogen produced during the rapidly starting strong exothermic reaction (see Equation (1)). A schematic view of the simple experimental arrangement is given in Figure 1 . 
As a result of the rapidly rising temperature within the strong exothermic reaction system this process is overlapped by NaBH 4 -sodalite crystallization under inclusion of BH 4 anions according to Equation (3): 6 Na AlO SiO 2 NaBH Na AlSiO
After a reaction period of 4 hours the products were washed (300 ml water) and dried over night on air to prevent any effects of higher temperature of drying in a cabinet dryer. The experimental conditions are summarized in Table 1 .
-synthesis under conditions of crossover from aqueous gel-like solution to NaOH melt flow A dry powder mixture of 200 mg zeolite 13-X (Fluka 69856), 50 mg NaOH granulate (Merck 1.06467) and 100 mg of NaBH 4 (Merck 806373) was pressed into a pellet under a hydraulic press at 50 kN for 5 minutes, before heated under open conditions. A heating program RT → T max = 320˚C -370˚C → RT was revealed for syntheses with 1.5 h heating up till T max. and 1.0 h holding time at T max. After this reaction period the dense as synthesized sample pellets were grinded in a mortar, before washed (100 ml water) and dried over night on air. A schematic view of the method is given in Figure 2 . A first experiment with dehydrated zeolite 13× (dehydration by heating at 400˚C for 2 h) was performed to investigate the role of the hydrate water of the educt zeolite 13× as well as the significance of addition of solid NaOH for the whole reaction process. A second synthesis without NaOH but hydrated 13× was carried out too. The experimental data are summarized in Table 2 .
-Analytical methods X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and thermogravimetry were used 
Results

-autothermal synthesis of NaBH 4 -sodalite
The results of phase analysis according XRD and quantitative evaluation of the products (amounts in g) are summarized in Table 1 . The table also includes main experimental parameters of the autothermal syntheses.
The X-ray powder patterns of NaBH 4 sodalites from autothermal syntheses are given in Figure 3 . From this figure as well as Table 1 it can be derived that the product A 1 obtained in 4 M NaOH remains amorphous. The powder Figure 3 . X-ray powder patterns of products of the autothermal syntheses in the NaBH 4 The FTIR spectra of autothermal synthesized NaBH 4 sodalites are given in Beside the BH 4 anions even water within the samples can be detected according to typical bands in the FTIR spectra. The water molecules inside the sodalite cages of products A2, A3 and A4 and within the amorphous parts of sample A2 are responsible for the bands at 1650 cm −1 and 3100 cm −1 -3700 cm −1 [23] . Beside cage water also slightly adsorbed "external surface water" has taken into account as the products were only dried on air before analysis to prevent any influence of higher temperatures during a drying procedure in a cabinet dryer. Impurities like some carbonate (from the mother liquor) were also detected due to the vibrations in the 1410 cm −1 -1450 cm −1 region of the FTIR spectrum [23] , especially in sample A2. SEM images of the products of autothermal NaBH 4 sodalite synthesis in 8 M, 12 M and 16 M NaOH are summarized in Figure 5 (the amorphous sample of the synthesis in 4 M NaOH was excluded for SEM investigation). An image of a sample "BH 4 -hydro" observed under common hydrothermal conditions (20 ml Figure 5 . SEM photographs of products A2 -A4 of autothermal syntheses (Table 1 ) and a sample from conventional hydrothermal synthesis [2] "BH 4 -hydro" (down right).
16 M NaOH, temperature 120˚C, reaction time 24 h, as described in [2] ) is included in Figure 5 -NaBH 4 -sodalites by crossover synthesis from aqueous gel solution to NaOH melt flow
The results of phase analysis according XRD are summarized in Table 2 . The table also includes main experimental parameters of crossover synthesis from gel to melt flow.
The X-ray powder patterns are summarized in Figure 6 . Syntheses SM 1 and SM 2 were performed to clarify the combined reaction mechanism. Product SM 1, obtained with dehydrated zeolite 13-X clearly shows strong peaks of unconverted zeolite 13-X beside the main reflections of poor crystalline sodalite. Large amounts of amorphous material can be further seen according to the background contribution. Even synthesis SM 2 without addition of NaOH granulate consists only of zeolite 13-X and amorphous parts. These results are Figure 6 . X-ray powder patterns of products SM1-5 of synthesis from aqueous gel solution (S) to melt flow (M). essential hints on the significance of water and NaOH for the successful run of the crossover synthesis from gel to melt.
All further experiments (SM 3 -5) were performed with hydrated 13-X and NaOH granulate within the educt pellets (see experimental). The powder patterns of these three products all clearly indicate formation of sodalites, in product SM 3 together with 11% of amorphous material but in SM 4 and SM 5 as single phases. The lattice constants, added in Table 2 , caused by water molecules within the products [23] . Beside this "internal cage water" slightly adsorbed "external surface water" has to be pointed out. The unusual loose-fitting agglomeration of nanocrystalls in form of large cubes, detected during SEM analysis (see below SEM image SM 4 in Figure   8 ) is responsible for many fine macroscopic cavities and channels between the agglomerated nanocrystals. Inclusion of some external surface water within those cavities and channels cannot be excluded.
SEM images of the products are summarized in Figure 8 . In the product SM 3 nanocrystalline sodalites with average crystal dimensions around 100 nm were mainly observed beside some bigger particles around 1 µm size. The latter were formed by agglomeration of nanoparticles. It is assumed, that the nanoparticles are agglomerated by the amorphous parts, detected within this product.
Sample SM 4 contains big polyhedral aggregates, sometimes as sperulites some other like cubes of dimensions around 2 -3 µm, but each aggregate again consists of a loosely aggregation of nanoparticles or tin platelet-like particles.
The pores, cavities and channels formed thereby are favored for adsorption of "external water" from moisture when the sample is kept under open conditions.
In contrast sample SM 5 exhibits more spherulite-like crystals with an average size around 2 -3 µm. Here again nanocrystals in form of very tin platelets are grown together to these denser particles as can be clearly seen at high magnifica- Figure 8 . SEM photographs of products SM3-5 of synthesis from aqueous gel solution (S) to melt flow (M); an image at higher magnification is inserted for sample SM 5 for better view of the surface roughness. For further comparison see also the sample from conventional hydrothermal synthesis already shown in Figure 5 ("BH 4 -hydro"; bottom right).
tion (image down left in Figure 8 ). Thus the nanocrystalline state of the samples and an agglomeration to bigger particles is observed for all products by SEM analysis. Again no crystals with the typical rhomben-dodecahedral habit of sodalites from common hydrothermal synthesis are found in any product of the crossover synthesis, just as in the products of the autothermal process (for comparison see the image of a products from common hydrothermal synthesis "BH 4 -hydro" down right in Figure 5 ).
-Hydrogen release properties of selected products of both synthesis procedures
The products A4 and SM 4 of both series were now further investigated by thermal analysis to observe the stability and reactivity of the enclathrated BH 4 under the conditions of heating up to 550˚C in synthetic air atmosphere. Both samples were selected as best single phase and pure crystalline products nearly without amorphous byproducts, obtained in both different synthesis procedures. Regarding thermal reactions it is known from literature, that hydrogen release is possible by hydrolysis (starting at about 250˚C) or by oxidation reaction at elevated temperature according to Equations (4) and (5) NaBH O NaBO 2H + → +
As reaction (5) requires high temperatures T > 400˚C [6] this oxidation process can be accompanied by the destruction of the sodalite framework at elevated temperature [6] . To investigate the hydrogen release properties of the synthesis products and the thermal stability of the host framework, both products (A4 and SM4) were heated on a thermoanalyzer up to 550˚C in synthetic air atmosphere (see experimental). The TG curves are given in Figure 9 . X-ray powder diagrams of the samples after thermal analysis are summarized in Figure 10 . Figure 11 gives an overview on the FTIR spectra of samples after thermal analysis in comparison with the as synthesized samples. Further data are summarized in Table 3 .
The mass loss according to TG (Figure 9 ) indicates nearly the same water content within both samples (internal cage water plus external surface water) but it has to be taken into account that the overwhelming amount of water leaves the sample SM4 already at temperatures in the 200˚C -250˚C range. In contrast, the Figure 9 . TG-curves for samples A4 and SM 4 during heating RT → 550˚C → RT in synthetic air atmosphere (heating rate 5˚C/min). dehydration characteristics of sample A4 differs as remarkable amounts of water were released at higher temperatures. Thus a larger amount of water is therefore available for hydrolysis of BH 4 in sample A4 at these temperatures. From Figure 10 it can be seen, that the decomposition of the sodalite framework already starts for both samples at 550˚C, as the main reflections of the secondary product low-carnegieite (main lines labeled by stars) are found in the XRD patterns of A4 and SM 4 after thermal process.
The FTIR investigation ( Figure 11 ) clearly shows that the overwhelming amount of hydrogen has left the sodalite cages of sample A4 as strong signals of metaborate BO 2 and BO(OH) 2 anions [27] are well resolved in the FTIR spectrum. This behavior indicates hydrolysis reaction under conversion of the "internal water" enlarged in the cages of "hydrosodalite-type fillings" of sample A4 as the dominant reaction mechanism. In contrast, the product from reaction of gel-like solution and melt flow (SM 4) exhibits a lower hydrogen release rate that is not completed during heating up to 550˚C. The vibrations of the BH 4 -groups remain in remarkable intensity beside the bands of the borate species BO 2 and BO(OH) 2 (see spectrum "SM4 550˚C to RT", Figure 11 ). As the product SM4 exhibits similar water contents as A4 but shows lower temperature of dehydration as result of its nano-sized crystals hydrolysis reaction seems to be restricted and oxidation reaction will be the process for further hydrogen release. The dehydration characteristics of SM4 further show that the water molecules inside the cages and the external surface water already leave at remarkable lower temperature. At 250˚C (i.e. the temperature where hydrolysis reaction usually starts [6] ) the sample is already widely dehydrated. Hydrogen release by hydrolysis is thus restricted and oxidation reaction would be the mechanism for further release of H 2 . Additional investigations are necessary to clarify this behavior completely. Figure 12 includes a SEM photograph of samples A4 and SM 4 after the heat- 
Conclusions
NaBH 4 sodalites can be obtained by two new modified methods of crystallization: (1) autothermal synthesis and (2) crossover synthesis from aqueous gel to melt flow in a NaOH flux. Important parameters like crystal size, crystal morphology, composition and hydrogen release mechanism (hydrolysis and oxidation) can be influenced in dependence of the inserted method of synthesis.
Beside tailoring of the products the enhanced methods of crystallization exhibit many other important peculiarities:
The generation of the whole process energy by the enthalpy of the exothermic reaction system without any external heating has to be mentioned here for procedure (1). Method (2) demonstrates the successful insertion of zeolite water of the hydrated educt zeolite 13× as the only water source for synthesis. Short reaction times and the abandonment of autoclaves are further advantages of both methods.
Many further possibilities are offered by the new synthesis pathways, even in other material systems than sodalites. Future optimization of conditions of both reactions is essential to obtain other special types of materials. As an example therefore maybe crystal coarsening and sinter processes at elevated T max. and/or prolonged heating times under conditions of method (2) surely yield to dense self-supported membrane-like wafers of NaBH 4 sodalite.
Generalizing the results of the present study one can state that two modified experimental methods are presented with future significance for tailor made synthesis even under insertion of sensitive compounds like NaBH 4 .
